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PON1 and Neurodevelopment in Children from the CHAMACOS Study

Exposed to Organophosphate Pesticides in Utero
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BACKGROUND: Paracxonase 1 (PON1) detoxifies oxon derivatives of some organophosphate {OP)
pesticides, and its genetic polymorphisms influence enzyme activity and quantity. We previously
reported that maternal urinary concentrations of dialkyl phosphate (DAP) mevabolites, a marker of
OP pesticide exposure, were related to poorer mental ziexelopmem and maternally reported symp-
toms consistent with pervasive developmental disorder (PDDD) in 2-year-olds participating in the

Center for the Health Assessment of Mothers and Children of Salinas (CHAMACOS) study.

OBJECTIVE: We determined whether PON1 genotypes and enzyme measurements were associated
with child neurobehavioral development and whether PONI modified the association of i wtere
exposure to OPs (as assessed by maternal DAPs) and neurobehavior.

METHODS: We measured DAP concentrations in maternal vrine during pregnancy, PONY 9,
and PONI_;p¢ genotypes in mothers and children, and arylesterase (ARYase) and paraoxonase
{POase) in maternal, cord, and 2-year-olds’ blood. We assessed 353 2-year-olds on the Mearal
Development Index (MIDI) asd Psychomotor Development Index (PIDM) of the Bayley Scales of
Infant Development and quetied their mothers on the Child Behavior Chechlist to obtain a score

for PDD,

ResuLTs: Children with the PONI_; 447 allele had poorer MDI scores and somewhat poorer PDI
scores. Children were less likely to display PDID when they or their mothers had higher ARYase
activity and whean their mothers had higher POuse activity. The association between DIAPs and
MDY scores was strongest in children with PONY_j,er allele, but this and other interactions
between DAPs and PON1 polymorphisms or enzymes were not significant,

CoNcLusion: PONI was associated with child neurcbehavioral development, but additional
reseatch is needed to confirm whether it modifies the relation with 2 wtere OF exposure.

Kgy worDS: biomarkers, Child Behavior Checldist, children, DAPs, farmworker, genetic suscepti-
bility, in utero exposure, mental development, Mexican Americans, neurodevelopment, organophos-
phates, paraoxonase, pervasive developmental disorder, pesticides, PONL. Environ Health Perspect
118:1775-1781 (2010). dok:10.128%/ehp. 1002234 [Online 19 August 2010}

The paraoxonase 1 (PON1) enzyme detoxifies
organophosphate (OP} pesticides, which are
known neurptoxicants at high doses (Costa
et al. 2005}, PON1 also inhibits low-density
lipoprotein oxidation, a marker of oxidative
stress {Li et al. 2003). Several commeon poly-
morphisms in the coding (e.g., PONI 55
and promoter {e.g., PONI_;p) regions of
the PONY gene influence both the quandty
and catalytic efficiency of the PONI enzyme
{(Brophy et al. 2001; Li et al. 2000), meas-
ured against specific substrates, such as ary-
lesterase (ARYase) and paraoxonase (POase)
activity.

PONI polymorphisms and/or enzyme
measurements have been associated with vari-
ous diseases of the nervous system, including
Alzheimer’s disease (Erlich et al. 2006; Leduc
and Poirier 2008; Paragh et al. 2002}, brain
tumors (Kafadar et al. 2006), vascular demen-
tia {Paragh et al. 2002}, amyotrophic lateral
sclerosis (Saeed et al. 2006; Slowik et al.
2000), ischemic stroke (Voetsch et al. 2002,
2004), and Parkinson disease (Zintzaras and
Hadjigeorgiou 2004). Gulf War syndrome,
which some have hypothesized may be artrib-
utable to exposuire to an OP agent (Golomb
20083, has also been associated with low
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PON1 ARYase (Haley et al. 1999) and POase
(Mackness et al. 2000) measurements. PON1
polymorphisms or enzyme activiey may also
play a role in psychiatric disease such as
schizophrenia (Kucukali et al. 2008}, depres-
sion (Lawlor et al. 2007), and anxiety (Sklan
et al. 2004}, In addition, PONI (g, genotype
and PONI enzyme measurements hfwc been
associated with childhood autism (Pasca et al.
2000, 2010), at least in certain populadons
(D' Amelio et al. 2003).

An individual’s susceptibility to the effects
of specifia OP pesticide exposure may be
determined by their PONT genotypes and
expression (Li et al. 2000). PON1 enzyme
measurements vary widely in humans (Cole
et al. 2003; Cosra et al. 2005; Holland
et al. 20006), and measurements in fetuses
and children up to at least 7 years of age
are much lower than these in adules {Chen
et al. 2003; Furlong et a. 2006; Huen et al.
2010), thus presenting a potential period of
greater vulnerahility to OP pesticide toxic-
ity and oxidative stress. Transgenic newborn
mice expressing PONI 192 showed greacer
inhibition of brain acetylcholinesterase after
chlorpyrifos oxon exposure than did chose
with PONI ;90 (Cole et al. 2003). In a birch
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cohort study from New York, an associa-
tion between abnormal neonatal reflexes and
maternal dimethyl OP pesticide exposure (as
measured by urinary metabolites} was found
only in children with lower levels of POase
expression, although an association between
abmormal reflexes and urinary diethyl phos-
phate (DE) metabolites was ohserved regard-
less of POase expression (Engel et al. 2007},
In our longitudinal birch cohore, the
Center for Health Assessment of Mothers
and Children of Salinas (CHAMACOS)
study, we previously reported high exposure
to OP pesticides, as measured by urinary
dialkyl phosphate {IDAP) metabolite levels,
among pregnant women living in the agri-
cultural Salinas Valley of California, rela-
tive to levels in women of reproductive age
{1840 years) participating in the National
Health and MNutrition Examination Survey
(NHANES) (Bradman et al. 2005). We also
observed associations between maternal DAD
levels during pregnancy, particularly dimethyt
phosphates (DMs; resulting from exposure to
XM pesticides), and CHAMACOS 2-yeas-
olds’ mental development as assessed on the
Bayley Scales of Infant Development (Bayley
1993). Maternal report of symptoms of per-
vasive development disorder (PDD) in the
clinical range on the Child Behavior Checldisr
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{CBCL) were also associated with maternal
DAP levels (Bskenazi et al. 2007).

Inn the present study, we estimated asso-
ciations between neurodevelopmental out-
comes and PONT genotypes and with PON1
enzyme activity measured in children ac birth
and at 2 years of age and in mothers at defiv-
ery. We also examined whether PON1T modi-
fied the associations we previously observed
between the mothers’ DAP concentrations
during pregnancy and their children’s neu-
robehavioral development at 2 years of age
{Eskenazi et al. 2007).

Materials and Methods
Study subjects. The CHAMACOS study is 2

longitudinal birth cohort study of the cfhus
of exposures to pesticides and other envi-
ronmental chemicals on neurodevelopment,
growth, and respiratory discase in children
from primarily Latino farmworker families in
the Salinas Valley, California (Eskenazi et al.
2003}, Located in Monterey County, the
Salinas Valley is an incensive agricultural
area where > 235, 000 kg of OP pesticides
arc applied annually (Cdl lﬂmma Department
of Pesticide chulatmn 2005). A rotal of
601 pregnant women were enrolled in the
CHAMACOS swdy, and 528 delivered new-
borns. Mothers in the CHAMACOS cohore
were primarily low-income, Mexican-born,
Spanish-speaking women who were farm-
workers themselves or lived with farmworkers.
In this analysis, we include those mothers who
had measured levels of urinary DAP metabo-
lites during pregnancy and whose children

were followed up to 2 years of age (n = 371).
Most women {# = 351) ‘and chdmcn = 369}

provided a blood specimern that was genory ped
tor PONT ;g5 and PONT ;s and a smaller
portion of these mothers and children had
adequate blond samples for PONI enzyme
measurements (z = 304, 266, and 250 for
mothers, umbilical cord, and 2-year-olds,
respectively) (Huen et al. 2009a, 2010). Swudy
protocols were approved by the University
of California, Berkeley, Committee for the
Protection of Human Subjects. Written
informed consent was obtalmd from all moth-
ers for themselves and their children.
Maternal interviews and neurobehavioral
assessments, Information on different covariates
was collected from maternal interviews and
medical record review. Women were inter-
viewed twice during preguancy {mean = 13.4
and 25.8 weeks’ gestation), shortly after
delivery, and when children were 6 months
and 1 and 2 years of age. Interviews were
conducted in Spanish or English by bilin-
gual, bicultural interviewers. Mothers were
adininistered the Peabody Pictire Vocabulary
Test (PPVT) (Dunn and Dunn 1981) at the
G-month visit to assess their scholastic/cogni-
tive abilities, and the Center for Epidemiologic
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Studies Depression Scale (CES-D) (R’ECU.OEE

1977} at the 1-year visit, The [nfant-Toddler
Home Observation for Measurement of the
Environment (HOME) instrument (Caldwell
and Bradley 1984), a measure of the home
and social environment, was completed when
the "hildren were 0 months and 1 year of age,
and 32 of 45 items were completed at 2 years.
Prenatal and delivery medical records were
abstracred by a registered nurse.

Children were assessed at 2 years of age
on the Bayley Scales of Infant Development,
2nd edidion (Bayley 1993), a test of devel-
opmental funcrioning of infants and young
children comprising two subscales: the
Mental Development Index (MDI}, which
characterizes a variety of cognitive abilities,
and the Psychomotor Development Index
(PD), which characterizes large-muscle and
fine-motor coordination. Both scales were
administered in Spanish and/or English
by psychometricians blind to exposure.
Psychometricians were trained using stan-
dardized protocols and were supervised for
quality assurance by a clinical neuropsycholo-
gist. Assessments were performcd in a private
room at the CHAMACOS research office
or in a recreational vehicle (RY} modified to
be a mobile testing facility. Children were
assessed on average (mean + SD) at 24.6 £ 1.1
months. Each scale is standardized by age o
mean + SD = 100 £ 15,

At the time of the child’s 2-year assess-
ment, the mother was administered the CBCL
for ages 1.5 to 3 years, 2 99-item tool to assess
children’s emotional/behavioral problems
and competencies {Achenbach and Rescorla
2000). The CBCL has been widely used in
cross-cultural research and collects data on a
range of behavior problems, yvielding scores
for several syndrome scales and five scales
designed to be consistent with Diagnostic and
Statistical Manwal o/ Mental Disorders, 4th ed.
(DSM-IV) diagnoses {American Psychiatric
Association 2{}00) For this study, we focus
on the results of the DSM-IV- cmpntﬁ‘d per-
vasive developmental diso rdf: (PDD) scale,
which includes such items as “avoids eye con-
tact,” “rocks head, body,” and “unresponsive
to affection,” which are considered consistent
with Asperger’s disorder and autistic disor-
der {Achenbach and Rescorla 2000). A score
considered of “dlinical” significance is > 97th
percentile of the national normative sample.

OP pesticide exposure: DAP metabolites.
Urine specimens were collected from the
mother twice dusing pregnancy. Urine was
aliquoted and stored at ~80°C undl shipment
on dry ice to the Centers for Disease Conirol
and Preventon (Adanea, GA), where speci-
mens were analyzed using gas chromarogra-
phy/tandem mass spectrometry and quantified
using isotope dilution calibration (Bravo et al.
2002) for six DAP merabolites: three DMs

VoLUME 118 | numBer 12 | December 2010 -

{dimethylphosphate, dimethylthiophosphate,
dimethyldithiophosphate) and three DEs
{(diethylphosphate, diechylthiophosphate,
and diethyldithiophosphate) (Bradman et al.
20053). These six metabolites represent the
by-products of approximately 80% of OP
pesticides used in the Salinas Valley. The most
commonly used DM pesticides in the Salinas
Valley are malathion and oxydemeton-methyl,
and the most commonly used DE pesticides
are diazinon and chiorpyrifos. Values below
the limit of detection (1LOD} were assigned 2
value of LOD/ 2

PONI genotype and enzyme measure-
ments. Maternal blood and fetal umbilical
cord blood were collected ar the time of deliv-
ery, and child blood samples were collected at
2 years of age using BD Vacueiners (Becton,
Dickinson and Company, Franklin Lakes, NJ)
as previously described (Holland et al. 20006).
Heparinized plasma was used w0 assess PONI
substrate—speciﬁc activities at each dme point,
and maternal and child genotyping was con-
ducted using DNA isolated from blood clots.

The coding polymorphism PONI g,
was genotyped using the Tagman real-time
polymerase chain reaction (PCR) method as
previously described (Holland et al. 2006)
using probes custom-designed by Applied
Biosystems, Ine. (Foster City, CA). The pro-
moter single-nucleotide pofv morphism (SNP)
PONI_jpg assay required a two-part nested
PCR strategy, where the region surround-
ing the SNP was prcamp]lﬁed using nonal-
lelic flanking primers. The forward primer
sequence was 5'~ATAGACAAAGGGATC
GATGGGCG-37, and the reverse pnmcr
sequence was 3 -TTTGGCTGAAAGT
GCTGAGCTCCTG-3". The amplicon was
then diluted and used as the template for
the Amplifluor assay (Flowgen Biosciences
Lid., Nottingham, UK). Quality assurance
procedures for genotyping PONJ SNPs
included assessment of randomly diseribuced
blank samples and duplicates with indepen-
dently isolated DNA from the same subjects.
Repeated analysis (4% of Q')mplcs) in several
runs showed a high degree (> 99%) of con-
cordance. All discrepancies were resolved with
additonal genotyping.

PONI enzyme activities toward paraoxon
{(POase) and phenyl acetate (ARYase) were
determined using spectrophotometric meth-
ods as described by Huen et al. (2009h). The
ARYase assay is 2 quantitative measure of
PONI enzyme level (Connelly et al. 2008;
Kujiraoka et al. 2000), which is mostly
affected by the promoter polymorphism
PONIT ;s In contrast, the PQase substrate-
specific assay reflects both quantity and cata-
E"UL efficiency of the PONI enzyme and is
affected pnmﬂ]l» by the coding polymor-
phism PONT g, We refer to enzyme quan-
tity, reflected by ARYase, as PONI enzyme
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levels and to POase as PONT enzyme activity.
When we refer to both, we use PON1 mea-
surements. All assays were performed in wipli-
cate. Quality assurance included assessment of
repeat samples and internal controls. The aver-
age coeflicient of variation (CV) for repeated
samples ranged from 6-9%, and interassay
variability, as measured by the average CV
for internal control mmplf:: was hetween 7%
and 9% [for more details on validation of
these assays for longitudinal studies, see Huen
et al. fZ()O‘)b R

Statistical analysis. PONI genotypes
were examined categorically with two indi-
cator variables per mudd For PONT ;pa
the CC genotype was the reference, and for
PONI g5, the RR genotype was the reference.
Supplemental analyses were performed clas-
sifying genotypes as ordinal variables {none,
one, or two T alleles of PONT_;p5 or QQ alleles
of 1’(?"\/1,02) ARYase and PQOase activity in
cord, maternal pregnancy, and blood from
2-yeas-olds was examined categorically in rer-
tiles and continuously, with values normalized
by dividing each value by the 8D of the range
of values,

AT metabolite concentrations {nanomoles
per liter) were summed and transformed to the
logg scale. We created “pregnancy” values for
DE, DM, and total DAP concentrations by
averaging the two log-transformed pregnancy
measures, The two total DAP measurements
during pregnancy were correlated (r = 0.15,
p =10 f)() Y and did not differ significantly

pa}red grest = ~0.38, p = 0.71), For 22 women,
only a single DAP measurement was available.
Statiscical methods and base models were
similar to those described previously (Eskenaz
t al. 2007). To examine the relationship
hetween PONI and neurobehavioral develop-
ment at 2 years of age, we constructed separate
muldiple regression models for PONT geno-
type (PONI_y45 and PONT o) and enzyme
{ARYase and POase) and each
outcome, adjusting for DAP metabolite con-
centrations and thF‘ covariates included in
our previous analysis {Eskenazi et al. 2007).
Specifically, all models were adjusted for
log g-transformed rotal DAP, DE, or DM
concentrations and exact age at assessment,
sex, parity, brease-feeding duration {months),
HOME score (continuous), maternal PPVT
{(continueous), and houschold income in rela-
tion to the federal poverty threshold (U.S.
Census Bureau 2000). Models with enzyme
measuremeits were also adjusted for tempera-
ture during the assay. Mulriplf: linear regression
models for Bayley MDI and PDI scores also
included psychometrician (# = 4) and testing
location (office or RV), whereas multiple logis-
tic regression models for clinical-range PDD
also included maternal depression (assessed at
12 months postpareum). Covariates in final
models were categorized as noted in Table [

measurements

PON1, organcphosphates, and neurodevelopment

unless otherwise specified above. To preserve
the size of the analytic popularion, each miss-
ing covariate value was imputed by randomly
sefecting a value from participants with non-
missing ‘«aiucs In models of genotype, tests for
trend were performed by subsmtutmg 0, 1, or
2 to represent the nurnber of PONT_ 1456 T or
PONT 15, Q alleles. Studies suggest that PON1
status, wh)ch takes into account hoth enzyme
level and PONJ (o5 genotype, is useful for
investigating the relationship hetween PONI
and health outcomes in epidemiclogic studies
(Li et al. 2003; Richrer et al. 2010). Therefore,
to incorporate a measure of PON1 starus, we
included Va_nabks for both ARYase {as a meas-
ure of PONI enzyme levels) and PONY 4,
genotype {as a proxy measuse of PON1 enzyme
activity) within the same statistical models and
also considered their interaction.

Potential interactions berween maternal
urinary DAP concentrations (Jog-transformed
continuous variables) and PONT genotypes
were explored by adding interaction terms, We
also examined interaction hy number of variant
alleles (0, 1, 2). Models for DAP concentra-
tions and ncurcbehavioral outcomes stratified
by PONT genotype are presented. Similasly,
interactions between DAP concentrations and
PONI enzyme levels and activity were exam-
ined using interaction terms for DAD con-
centrations and continuous PONI enzyme
measurerments; models stratified by tertile of
enryme quantity or activiry are presented.

Statistical significance for main effeces
terms was based on a p-value of 0.05 and
for interaction terms, on ap-"aﬁue of 0.15.
All analyses were performed in STATA 10.0
(StataCorp LP, College Station, TX).

Results

Most study mothers were young (mean =
SD = 26.2 + 5.2 years of age at delivery), born
in Mexico, and married or living as married
(Table 1). Nearly 60% were livmg at or below
the federal poverty threshold. About 44%
of the women worked in agriculeure during
pregnancy, 82% had at least one houschold
member working in agriculture, and 23%
lived near a field during pregnancy. Nearly
all women breast-fed; mf:dmn duration was
6 months. The women's PPVT scores were
below the expected standardized average of
100 {mean + SD =86+ 21).

The geometric mean (GM) of the aver-
age total DAP levels for the women during
pregnancy was 110 nmol/L [95% confidence
interval (ClI}, 101-120] wich a larger pro-
portion cmr;posed of DM DAP mewbolites
(GM = 77; 95% Cl, 70-85) than of DE DAP
metabolites (GM = 18; 95% CI, 16-19). The
children's mean + SD scores were 85 + 12 on
the Bayley MDI and 98 £ 11 on the Bayley
PO Based on matémal report on the CBCL,
51 (149) exceeded the clinical cutoff criteria
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for PDD (37 tese, p < 0.001 comparing 14%
observed with 3% expected).

As we previously reported, about half of
the children were heterozygous for PON/ 4,
and PONT ;56 (Huen et al. 20092, 2009b),
with aﬂf‘ﬁc frequeencies for both of approxi-
mfneiv 0.5 {see Supplemental Material, Table 1
(doi:10.1289/ chp. 1002234)]. PONT_jperr
and 1()[\/]192(2(2 genotype were associated
with mosedy lower enzyme measures, sug-
gesting that individuals with these genotypes
might be more susceptible to effects of OPs.

Table 1. Demographic characteristics of
CHAMACOS mothers with children followed to
2years of age: Salinas Valley, California, 2000-2001
(f?I;)TE).

Characteristic ]

=

(%)

7 189 {50.9)
Viale 182 {49.1)
Maternal age at delivery {years)

Q

53141 "l

tus during pregnancy

i rducation during pragnancy
< 6th grade

[ R )
[SCRR Ay B V]

~d

Mexico
USA

use during pregnancy

411
354(98.9)
Smioking during pregnancy
Smoker 17{4.6)
Nonsmoker living with smoker 28 (7.6}
Nonsmoker 376 {87.9)
Maternal depressive symptoms (0ES-0 > 16} at 1 year
Yes 181 {50.8)
No 175{49.2)
Breast-feeding at Z years
Yes 308.1)
No 341(91.9)
Household income?
< Federal povarty 1 718 {58.8)
> Federal poverty threshoid 153{41.2)
Worked in agricuiture during pregnancy
Yes 163 {44.2)
No 206 {55.8]
Lived with agricultural workers) during pregnancy
Yes 3021482.1)
No 66{17.9)
Lived within 200 feet of agricultural fisid
Yes 85(23.0
No 284 {77.0)

Percentages represent those of known values. Values
are limited to participants who had a Bayley assess-
ment or maternal CBCL report performed at 24 months.
overty level compares federal poverty thresholds with
household income divided by the number of people sup-
ported (.5, Census Bursau 2000}
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Neonates with PONI_ o7 genotype {20.3%)
had the lowest measures of ARYase and PQOase
among PONI_;,e genotypes. Neonates with
PONT 5200 (22.9%) showed lower mea-
sures of PQOase than did neonates with other
PONI o5 genotypes but no significant differ-
ence in ARYase levels (Holland et al. 2006;
FHuen et al, 2009a). At 2 vears of age, aver-
age PQOase activities and ARYase levels were
two to three times higher than in cord blood.
Two-yeas-olds showed similar POase enzyme
patterns in reladon to their genotype as when
they were neonates. ARYase levels were some-
what higher in 2-year-olds with PONT ;0204
than in thosc with other PONT g, genotypes
We observed similar associations berween
mother’s PONT genotype and enzyme mea-
surements [Supplemental Material, Table 2
(doi:l(}u128?)/6}1;),1[)()2234)],

Children with the PONJ ;57 allele had
lower average M and PDI scores and were
more likely to be reported by their mothers
as having symptoms characteristic of PDD

Child PONT_,,

2 2
o L3
& o
“y @
i CT I
MDI
Child PONT,,
e e
k23 k23
& &
@ @
RR Qf ai B

MDI

(Figure 1}, We saw no dear pactern of asso-
ciations with outcomes with PONI ;4> geno-
type. The PONI_;por allele remained associated
with poorer performance on the Bayley MDI
and PDI (Table 2 after adjustment for cova-
riates. Specifically, compared with children
with PONI _jgece genotype, children with
PONI_ g0 and PONI_ o7 genotypes pet-
formed, respectively, 3.9 points (p = 0.004) and
5.7 points {p = 0.001) lower on the Bayley MDI
(p-value for trend = 0.01) and 1.4 (p = 0.27)
and 2.8 points {p = 0.07) lawpr on the Bayley
PDI (p-value for trend = 8.07), We noted
similar patterns, albeit muted, ifm maternal
genotype for PONI_;ps and MDI scores [see
Supplemental Material, Table 3 {doi:10.1289/

chp.1002234)]. Children with the PONT_;ger

allele were slightly but not significantly more
likely to be reported by their mothers as having
symptoms consistent with PDD, after control-
ling for potential confounders. We found no
clear relationship between the child’s or moth-
er's PONI o, genotype and Bayley scores or

Percent Clinical

POD

Percent Clinical

] oo i ar ao
PO PDD

Figure 1. Unadjusted relationship {mean + SD} of child PONT 5 (A} and PONT, 4, (B} genctypas and MDI
and PD{ scores and maternal report of PDD on the CBEL

Tabie 2. Adiusted? association of child PONT_;; and PONT 5 genotypes and neurchehavioral develop-

ment at 2 years of age: CHAMACDS s

tudy, Salinas Valley, California, 2000-2003.

Baylay MDI Bayley PII p-Value CBCL PLD -V
Genotype P 3(95% Clj 3 (85% i) e OR195% Ch) trend
PON 77/‘/_!
CC <0.01 Reference 0.07 Reference .14
cT ~1.4{-3.8 to 1.0} 1507133
i ~2.8{(-5.7 10 6.2¥ 201081t 5.1)
FPONT 140
RR 94 0.65 Reference 0.10 Reference 0.84
OR 188 0. d 0.3{-22w 29 1.0 BA4w22
a0 86  87(-2Bm4 01 2.4{-0510 5.4} 1.0 041024

"”deugted for prer?tal DAPs and age ot assessmeni, sex, parity, breast-feeding duration, HOME score, malernal PPYT,

id poverty status. Bayley MD! and PDI 1
inciuded mate

iodels also
depression. *Numbers may vary slightly depending o the model. *p < 0.10. 75 < 0.01.

cluded psychometrician and testing location; PBD
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maternal report of PDD Symptoms, except for
somewhat better PDI scores among children
with PONT 950 {p-value for trend = 0.10).

Continuous measures of ARYase and
PQOuase in maternal, cord, or child blood were
not related to neurobehavioral performance
at 2 years of age on the Bayley MDI or PDI
(Table 3). Cord PONI measures also were
not associated with maternal report of PDD,
although Z-year-old ARYase levels [odds ratio
(OR} = 0.6; 95% (I, 0.4-0.9] and maternal
POase activity {OR = 0.6; 95% CI, 0.4-1.0)
were associated with decreased odds of PDD
at 2 years of age. Results were similar when we
categorized ARYase and PQOase into tertiles,
d]rbouo*h those in the highest tertiles of ARYase
had ﬂ”)e highest MDT scores (py.ng = 0.04; data
not shown). Associations between the out-
comes and ARYase were comparable when
we included PONI o, genotype in the model,
and we found no evidence of statistical inrerac-
don {although children with PON7 19200 and
in the b)gbc.sr tertile of ARYase did have the
highest adjusted MDI and PDI scores).

Table 4 shows the relation of maternal
DAP levels and neurobehavioral sutcomes
stratified by child genotype. As we previously
reported (Eskenazi et al. 2007), maternal DAP
concentrations were negatively associated with
child MDI scores at 2 years of age, and this
relationship was primarily with DM DAPs.
The interaction between genotype and DAFP
concentrations was not statistically signiﬁcam
{interaction p = 0.98); however, the inverse
association between DAP concentrations and
MDT scores was progressively stronger among
children with PONI_ 507 and PONI jperr
genotypes relative to PONT _ypscc This rela-
tionship was most apparent for DM DAP
concentrations: For each 10-fold increase in
maternal DM DAP levels, we observed a drop
in child MDI scores of 2.2 points {p = 0.45)
for children with PONT_je00, 3.4 points
{p = 0.09) for children with PONT_ 5507
and —3.9 points {p = 0.03) for children with
PONI_jpgrr (interaction p = 0.91). We
observed a similar trend (albeit nomiéniﬁ—
cant) for DE DAP concentrations and MDI
scores by genotype. The relation between
DAP concentrations and MIDI scores did not
differ progressively by PONI 1o, penotype.

We previously found no relation berween
maternal DAP concentrations and child PDI
scores at 2 years of age, and we also observed
no clear relation when we stratified by child
PONT 4,6 (Table 4). However, we found an
inverse association between DAP concentra-
tions and PDT scores among 2-year-olds with
PONT 0500 {p = 0.10) and an interaction of
DE DAP concentrations and PDI scores by
PONI 15, genotype (interacton p = 0.14).

Although we observed a strong relation
of maternal DAP concentrations and mates-
nal report of PDID overall, we found no clear
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difference in the odds across strata of PONT 44
and only a suggestion of a higher odds in chil-
dren with PON Vi 19200 0f PONT5opp (for
DMs). However, numbers within cach stratum
are too small to provide reliable ORs, and none
of the interactions between DAP concentra-
tons and genotype was statistically significant.
We observed similar, albeit weaker, associations
hetween DAP concentrations and neurobehav-
ioral outcomes when we stratified results by
maternal genotype rather than child genotype
[Supplemental Marterial, Table 4 (doi:10.1289/
chp.1002234)].

We did not observe statistically signifi-
cant interaction betweenn DADPs and enzyme
measurements {as a continuous measure) in
relation to any of the neurobehavioral end
points, We present the relation of maternal
DAP concentrations and neurcbehavioral
outcomes within tertiles of cord and maternal
ARYase and POase in Supplemental Material,
Tables 5 and 6 (doi:10.128%/chp.1002234).
{We do not present the results stratified by
2-year-old PONT measurements because
the biological mechanism of in wiero expo-
sure being modified by child’s enzyme levels
2 years later would be uncertain,) Consistent
with resules by child PONT genotype, the
relation of DAP concentrations and child
MDI scores was strongest within the group
of children with the lowest restiles of cord
ARYase and POase, although the patcern
was not as clear. We observed slightly stron-
ger relationships of PDI scores and marter-
nal DDAP concentrations, particularly for DE
DAPs, among children with cord bleod in
the lowest tertile of ARYase relative to chil-
dren with bigher cord blood PONT acrivity.
Maternal DAP concentrations were consis-
tently positively associated, although not sig-
mhc‘mtl‘u with reports of PDD across all
tertiles of cord ARYase activity. However,
the relationship of DAP concentrations and
PDD was significant only in the group with
the lowest tertile of POase. Again, relatively
small numbers in cach tertile made these esti-
mates unreliable. Results for DAP concentra-
tions and MDI scores, PDI scores, and PDD
assessmnent across maternal enzyme levels and
activities [Supplemental Material, Table 5
{doi:10.1289/chp.1002234)] were similar to
those for cord blood enzyme levels.

Discussion

Our previous study demonserated that wom-
en's levels of OP pesticide DAP metabolites
in urine during pregnancy are related to their
2-year-olds” mental deveiopn‘lent and reported
symptoms of PDD (Eskenazi et al. 2007). In
the present study, we examined whether these
associations were modified by the mother
and child’s PONI genotypes and associated
enzyme levels and activities. In analyses of
PONT and neurobehavior, we found that

PONT,

the PONI ;57 allele in children was
ciated with poorer Bayley MDI scores and
with somewhat poorer B;Wlﬁy PDI scores.
Maternal, cord, and child PONT enzyme lev-
els and acdvites, although related to geno-
type, were not significantly associated wich
these neurcbehavioral outcomes excepr that
children were less likely to display symproms
of P} when they or their mothers had
higher ARYase levels or POase activides.
Although we have observed a reladionship
of DAP concentrations and neurobehavioral
outcomes and of PONI and these same
end points, we are less certain as to whether

aAsE0-

Table 3. Adjusted? association of PONT enzyme measurements

organcphosphates, and neurodevelopment

genotype of enzyme measurements modify
the association of IDAP concentrations and
neurobehavior—that is, whether a subgroup
of children by virtue of their ge netic makeup
are more susceptible to the adverse effects of
maternal exposure to OF pesticides during
pregnancy. There is a suggestion with MDI
scores that children with PONT ;57 allele
show a stronger association with OP pesticide
exposure in utero (as measured by maternal
DDAPs), but the interaction is not significant.
PONT has been implicated in the etiol-
ogy of a number of adult-onset neurologic
diseases such as Parkinson and Alzheimer

s {per SD increase} in cord and child

blood and neurobehavioral development at 2 years of age: CHAMACOS study, Salinas Valley, California,

2000-2003.

Baylay MDI

Enzyme [Bi35%C

Baylay PDI
[B{95% C1Y

CBCLPOD
[OR {35% CH]

Fatal srzymes (n
ARYase
Plase

-old enzymes
ARYase 2
PQase [0
Maternal enzymes durir 1q
ARYase 133.3 o2,
FOase 958.5 4 to 1.

0.8{-0.61t02.1)
0113115

~06{-1.8107)
-1.0{-221w02)

0.5{0.4 10 0.8

3) 210610 1.3)
1 0718510 1.0)
7} 0816410 1.07

2Adjusted for prenatal DAPs and age at assessmeni, sex, parity, breast-feeding duration, HOME score, maternal PPVT,
household poverty status, and assay femperature. Bayley MD{ and PBI models also included psychometrician and test-

ing locatior; PDD models also included maternal depression.

*p< 0.10. % p< 0.95.

Table 4. Adjusted? associations of prenatal DAPs and nsurobshavicral development at 2 yaars of age,
stratified by child PONT_jgeand PON1g genotype: CHAMACLOS study, Salinas Valley, California, 2000-2003.

wylew MBI o-Value Value CBCLPRD pwl ue
nap o i interaction”  OR(95% Cl)  interaction®
Total DAPs
FON? g
cC -3.2{-8.8 to 8.5 0.98 237810 3.3 0.83 4.2{0.5-36.8) 0.91
CT ~3.7{-8.8 toc G.6}* 2.0{0.5-6.0)
17 ~5.5{-11.110 G.1% 1.8(0.3-10.4)
PONT 67
AR ~5.5{-15.5 10 2.6} 0.33 0.53 5.4 {0.7-44. Dl 6.29
R -1.2{-521t02.8 1.2 t'U./i—\
(0 ~5.9{-12.8 to -0.9** 52108 H
M DAPs
PONT 150
cC 0.91 -1.6{-B.410 3.3} 0.87 3.3(0.5-21.3) .94
CT 0.3 (-4.010 3.4} 2.2{0.8-5.9)
17 1.2{-B.9 4.4 1.9(0.4-9.8)
AR ~4.4{-124 0 3.6} .38 ~21{-8.3w4.0} 0.36 48{0.8-31.1)% 6.20
R -1.3(-48102.4 0.7(-2.610 4.0} 1.2{0.5-3.3]
ele] ~1A4{-130 10 -1.8** ~4.7{-104 10 1.0} 6.1{1.6-39.3)*
BE DAPs
PONT_59
Ce ~3{-7.2t08.7 0.84 .66 7.4{0.68-93.9) (.44
o7 ~1.7{-6.3t03.0} 0.8{0.2-2.8)
17 ~3.4 (8.8 tn 2.1} 0.8(0.1-4.3)
PONT g7
RR 1.4-8410 111 0.47 0.14 1.0{0.1-8.2) 0.97
R -1 {-5.2103.00 0.8{0.2-2.5)
ele] ~2.5{-8.7 to 3.8} 1.240.2-7.7)

#7diusted Tor age at assessment, sex, panty breast -feeding duration, HOME score, maternal PPVT, and household pov-

arty status. Bayley MBI and PO models also
maternal depressio
the two interaction varisbies between genotype and DAPs

luded psychometrician and testing location; PDD models also included
binteraction p-value was calculated using a postestimation combined Ftest {or chi-square test} for

(Lg 19206 x DAP and 1925, » DAPY. Conclusions regarding

interaction were similar if a single interaction term with the number of C or U alleles {0, 1, 2} was used instead. *p< 010

** 5 < .05,
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diseases {Erlich et al. 2006; Leduc and Poirier
2008; Paragh et al. 2002; Zintzaras and
Hadjigeorgiou 2004). In addition, PONI
polymorphisms and enzyme activities have
been associated with autism spectrum disor-
der. In a family-based linkage study, D'Amelio
et al. (2005) found that Cancasian-American,
but not Iralian, patients diagnosed with autdsm
were more likely to carry the PONJ 55, allele
and more lll\e]y, althourfh not significantly,
to carry the PONT_per allele. In line with
these results, Pasca et al. (2010) reported that
ARYase levels and POase activity were sig-
nificandy lower in 50 Romanian autistic chil-
dren compared with 30 age- and sex-matched
nonautistic controls, bur they observed no
differences in PONI g, or PON1 55 allelic fre-
quencies between groups (and chey did not
examine PONT _yqq). Another study (Serajee
et al. 2004) also failed to find a relation of
PONI 55 allelic frequency in a family-based
association study of 196 trios but did not
examine PONI_ g5 0r PONI 5.

In the above studies, aucistic patients were
diagnosed by dinicians. In the present study,
we based PDD on maternal report of symp-
tomacology associated with autism-like behav-
ior, and these reports were not confirmed
by 2 clinician’s assessment. Nevertheless, for
the most part, our findings are in line with
those reported by Pasca et al. and D’ Amelio
et al. (2005): We observed 2 nonsignificant
increase in maternal report of PDD in pri-
marily Mexican-American children with the
PONT. o7 allele but not with the PON/ 90p

allele, and we found that 2-year-olds wich
higher ARYase levels and chlicrcn whose
mothers had higher ARYase or PCase mea-
sures during pregnancy were less likely to be
reported by their mother as having PDD.

" Amelio et al. (2003} hypothesized that
genetic vulnerability in the presence of expo-
sure to OF pesticides may contribute to the
development of childhood autism, especially
in North America, where until recentdy OP
pesticides have been more commonly used
in homes than in Europe. OP pesticides can
induce oxidative stress (Milatovic et al. 2006),
and PONI may protect the body from the
effects of OF pesticides both througb its anti-
oxidant properties and its ability to metabolize
the activated form {(e.g., chlorpyrifos-oxon)
of the pesticides. We previously reported that
with every 10-fold increase in DAP metab-
olites concentrations in the urine of the
women in this study during pregnancy, we
tfound more than a doubling in odds of their
reporting signs of FDD in their 2-year-olds.
Nevertheless, we observed no evidence that
PONI genotype or enzyme activity modifies
this association as suggested by the hypothesis
of IV Amelio er al. (7;(105), However, given the
lack of clinical diagnosis and chat our san-
ple sizes when stratified by PONT genotype

1780

were relatively small, this hypothesis cannot
be rejected.

Few studies have tested the hypothesis
that PONT genotype modifies the effects of
pesticide exposure on newropsychologic func-
tioning. One study from Israel demonstrated
increased frontal cortical brain activity and
decreased temporal lobe activity in pesticide-
exposed workers with PONY ;g5 compared
with either those withour the R allele or unex-
posed adules (Browne et al. 2006}, Only one
previous study has examined che ability of
PONI enzyme te modify the association of
QP pesticide exposure and neurohehavioral
end points in children. Engel et al. (2007)
found that IDAP metabolite levels during
pregnancy were assoctated with an increase in
abnormal reflexes in the neonates as assessed
on the Brazelton Neonatal Assessment Scale,
and the association between DAP concentra-
tions, specifically DM IDAPs, and abnormal
reflexes was strongest in the infants born o
women with the lowest levels of ARYase.

In the present study, we extend the
observations of Engel et al. {2007) to tod-
diers. Although we find a dlear relationship
of PONI_, s genotype with MDI scores and,
to a lesser extent, P scores and a trend of
increasingly stronger associations of maternal
DAPs and MDI scores, we cannot provide
firm evidence that the PONJ genotype or
phcnocypc modifies the relation of exposuse
and mental development. Recent studies
demonstrate that PONI is a muldfunctona
enzyme, and it plays a significant role in
protection against oxidative stress and lipid
peroxidation in addition to OP detoxifica-
tion. Thus, it is possible that the reladonship
between PON1 and mental development is
more strongly influenced by the role of PONT
in protection from oxidative stress than by
its OP pesticide detoxification capabilities,
which may explain the absence of strong
effect modification. Further, other pesticides
not hydrolyzed by PONI, incuding mala-
thion (devolves to DM DAPs), have been
shown to induce oxidative stress (Durak et al.
2009; Franco et al. 2009). This may explain
why we observed stronger associations of neu-
rohehavior with DM DAPs than with DE
DAPs (after stratification by PO]\ i ocnoty“pd
despite the fact that DEs are derived from
known PONT substrates (chlorpyrifos-oxon
and diazoxon).

Our research is limited in a number of
ways. DAP metabolites are an imp&:‘,rfec[ meas-
ure of OP pesticide exposure given the short
hatf-life of OP pesticides, the variability in
exposure over time, differences in metabolism
that may affect excretion (Wessels er al. 2003},
and the potential for exposure to preformed
DAPs in the environment {Quirds-Alcald
2010). In fact, ic is possible that because the
PONI gene is involved with the ability to
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metabolize OP pesticides, levels of excreted
DAPs may be related both to emeure and
to genetics. We are currently examining
this issue by analyzing the mtcrrcl,anonsbip
of blood O pesticide measurements, gen-
orype, and urinary DAP concentrations in
this cohore. Our scudy resules may not be
generalizable given this unigue cohore of pri-
mardv Mcvw’n—'\mencm children from an
agrlcuimrai area. Other populations may have
a different spectrum of OF pesticide expo-
sures and PONT allelic distribudions, which
are known to vary widely among different
ethnic groups (Chen et al. 2003; Rojas-Garcia
et al. 2005). The relationship between geno-
type and enzyme activitdes in adults, however,
appears to be comparable in different ethnic
groups (Costa et al. 2005).

Another imitation is that we have con-
structed a fairly simple model for neuro-
behavioral development. Although we have
examined and/or controlled for a number of
key potential confounders, reurobehavioral
development is complex and multifacto-
rial, and numerous genes and environmental
agents, social, hiological, physical, and chemi-
cal, are likely involved. In addition, when
data are stratified by genotype, the fairly large
numbers of this scudy become relatively small
in each stratum, making it difficule co find
s gniﬁcant statistical interactions.

We have not examined other genes that
have been implicated in the hypothesized
gene—environment interaction such as RELN
or ACHE or other PONI polymorphisms
{Moy and Nadler 2008&). We have recently
shown that other PON! poiymmphmms
are also associated with ARYase and PQase
measurements in mothers and children of
the CHAMACOS cohort; however, most of
them were in strong linkage disequilibrium
with those examined in this report (Huen
et al. 2010) and are unlikely to affect the
associations noted here. Haplotype analysis
is sometimes proposed as a more informative
approach for analysis of genetic effects, bue
we did not see an improvement of association
with neurodevelopment using haplotypes in
this study (data not shown). Addidionally, we
did not find a significant difference in func-
tional effects of PONT haplotypes compared
with multiple polymorphisms in predicting
PONI enzyme measurements (Holland et al.
2006; Huen et al. 2010).

The strengths of this study are that we
have focused on an agriculeural population
with relatively high levels of OP pesticide
exposures, that we have measured this expo-
sure during pregnancy in this longitudinal
birth cohort study, and that we have geno-
typed and measured enzyme activity in moth-
ers and children at birth and during infancy.

In sumimary, we have found that PONT_ o7
allele is related to mental development and, w a
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lesser extent, psychomotor development in tod-
dlers. This study adds 1o the growing evidence
that the PONI gene is associated with an array
of neurologic end points in adults and in chil-
dren., Mthouffh we did not observe a statistic
interaction bf.tVVCCH prematal OP pesticide expo-
sure as measured by pesticide metabolites and
PON1, we did observe a consistent trend, and
our results need replication in other populadons
and perhaps pooling with similar studies to pro-
vide adequate sample sizes.

BEFERENCES

Achenbach T, Rescorla L 2000, Manual for the ASEBA Preschool
Forms and Profiles. Burlington, YT:University of Vermont,
Research Canter for Children, Youth, and Families.

American Psychiatric Association. 2000, Diagnostic and
Statistical Manual of Mental rders. 4th ed, Text Revision.

Pt
Washington, DC:American Psychiatric Asscciation, 943
Bayley M. 1993, The Bayiey Scales of infant Development. 2nd

ad. San Antonio, TX:Psychological Corporation.

Bradman A, Eskenazi B, Barr B, Brave B, Castorina R,
Chavriar J, st al. 2005, Organophosphate urinary matabolite
levals during pregnancy and after delivery in women liv-
ing in an agricultural community. Environ Heelth Perspact
113:1802-1807.

Brave B, Driskell W, Whitehead BD Jr, Needham LL, Barr DB,
2082, Quantitetion of dialkyl phosphate metabolites
of organophosphate pasticides in human urine using
GO-WS-MS with isotopic internal standards. J Anal Toxicol
26{51:245-252.

Brophy VH, Jampsa BL, Clendenning JB, McKinstry LA
Jarvik GP, Furiong CE. 2001, Effects of 5" regulatory-r
polymorphisms on paracxonase-gene {PONT} expr
A J Hum Genet 68(6):1426-1436.

Browne RO, Moyal-Segal LB, Zumsteg B, David ¥, Kofman €,
Berger A, et al. 20068, Coding region paraoxonase poly-
morphisms dictate accentuated nauronal reactions in
chronic, sub-thrashold pesticide exposure. FASEB J
2016117331735,

zidwsll B, Bradley B. 1984. Home Observation for Measurement
of the Environment. Little Rock, ARUniversity of Arkansas.

California Bepartment of Pesticide Ragulation. 2005. Pesticide
tUse Report, Annual 2005, Sacramento, CA:lalifornia
Envircnmental Protection Agency.

Chen J, Kumar M, Chan W, Berkowitz G, Wetmur JG. 2003,
Increasad influence of genetic variation on PONT activity
in neonates, Enviren Haesith Perspect 11114031409,

Cole TB, Jampsa RL, Walter BJ, Arndt TE, Richter RJ, Shik DM,
et al. 2003, Exprassion of human paraoxonase {PONt} dur-
ing development. Pharmacogen 13{63:357-

Connslly PW, Maguire GF, Picardo CM, Teiber JF,
2008. Development of an immunoblot assay w
fiucrescence to guantify paracxcnase 1 in serum and
plasma, J Lipid Res 48{1):245-250,

sole TB, Vitalone A, Furlong CE 2005, Measurement

of paracxonase (PONY status az 2 potential biomarker of

ntibility to organcpho te toxicity. Clin Chim Acta
352{1-2137-47.

B'Amslio M, Riccil, Sacco R, Liu X, U'Agruma L, Muscarslla LA,

et al. 2005. Paraoxonase gene varianis are associatad

with autism in North America, but not in {taly: possible
regicnal specificity in gene-environment interactions, Mol

Psy\,hxatr\/m(ll) mz)b 1016.

Bunn L, Durn L. 1281, Peabody Picture Vecabulary Test,
Revised. P“ws MN:American Guidance Service,

Burak 0, Yzun H,, Kalender 8, Dguteu A, Uzunbisarcikli M,

PONT,

Kalender Y. 2009, Malathion-induced oxidative stress in
human erythrocytes and the protective effsct of vitamins €
and E in vitro. Environ Toxicol 24(3):235-242.

Engel SK, Barkowitz GS, Barr BB, Teitelbaum 8L, Siskind J,
Weisel SJ, et al. 2007, Prenatal organophosphate metabo-
lite and organochloring levels and performance on the
Brazelton Neonatal Behavioral Assessment Scale ina multi-
gthaic pregnancy cohort, Am J Epidemiol 185{121:1397-1404,

Erlich PM, Lunetta KL, Cupples LA, Huyck M, Green RC,
Baldwin €7, et al. 2006. Polymorphis t the PON gene
cluster are associated with Aizheimer disease. Hum Mol
Genet 15{11.77-

Eskanazi B, Bfwcrmn A, Gladstone EA, Jaramilis 8, Birch K,
Holland NT. 2003. CHAMACOS, & longitudinal birth cohort
study: lessons from the fields. J Childrens Health #{113-27.

Eskenazi B, Marks AR, Bradman A, Harley K, Barr DB,
Jdohnson €, et al. 2007, Srganophosphate pesticide expo-

eyrodaveiopment in voung Mexican-American

en. Enviren Haalth Perspect 115792798
iL, Posser T, Mattos J.J, Trevisan R, Brocardo PS,
iriguss AL, et al. 2009. Zinc reversas malathion-in-
duced impairment in antioxidant defenses. Toxicol Leatt
187(31137-143,

Furlong CE, Holland N, Richter RJ, Bradman A, Ho A,
Eskenazi B. 2008, PON1 status of farmworker mothers and
children as a pr tor of organophosphate sensitivity,
Pharmacogenet Genomics 15(3):183-130.

Golomb BA. 2008. Acetylcholinesterase inhibitors and Gulf War
ilinesses. Proc Natl Acad Sci USA 105(111:4295-4300.
Haley RW, Billecke 8, La Du BN. 19893, Association of fow

PUNI type a (type A} arylesterase activity with neurologic
xes in Gulf War veterans. Toxicol Appl

Ho;;anJ N, Fm.ang C, Bastaki M, Richter R, Bradman A, Huen K,
et al. 2008. Paraoxonase polymorphisms, haplotypes, and
enzyme activity in Latine mothers and newborns. Environ
Health Perspect 114385391

Huan K, Harlay K, Brooks J, Hubbard A, Bradman A, Eskenazi B,
et al. 200%a. Developmental changes in FONT enzyme
activity in young children and effects of PONT polymor-
phisms. Envircn Health Perspect 11718321638,

Hum K. Riehter R, Furlong €, Eskenazi B, Holland N. 200¢h.

Validation of PCN1 enzyme ﬁuti v assays for longitudinal
,tums“ Slin Chim Acta 402 .

Huen K, Harley K, Bradman A, 7i 8, Holland N. 2010,
Longituding! changes in PORI Prhyma io activities in
Mexican-American mothers and dren with differ-
ent genotypes and haplotypas. Toxico! Appl Pharmacol
244{2}131-189.

Kafadar AM, Ergen A, Zevbek U, Agachan B, Kuday €, ishir T.
2808, Paraoxonase 142 gene polymorphism and serum
paraoxonase activity in high grade gliomas and menin-
giomas. Cell Biochem Funct 24{5):455-460

Kucukati £, Aydin M, Ozlok E, Grhan N, Cakir U, Kilic G, et &l
2008, Paraoxonase-t 55/192 genotypes in schizophrenic
patients and their relatives in Turkish population. Psychiatr
Genet 18(6):269-294.

Kujiracka T, Cka T, ishihara M, Egashira T, Fujicka T, Saito E,

al. 2000, A sandwich enzyme-linked immunosarbent
assay for human serum paracxonase concentration.
J Lipid Res 41{8):1356-1363.

Lawior DA, Bay IN, Gaunt TR, Hinks LJ, T»m"“n N, Ebrahim 8,
et al. 2007 socistion of the p xunase (PONT)

192K polymorp ith depre sion in oidar women:
findings fromths B ‘s Heart and Heaith Study.
J Epidemiol Community Health 6141):85-87.

Leduc V. Poirier J. 2008, Polymorphisms at the paraoxonase 1
£55M and 01928 loci affect the pathophysi
Alzheimer's disease: emphasis on the chaolinerg
and beta-amyloid levels. Neurcdegenar Dis 534

Lo 4L, Lin P, Liang CC. 2003, Parsoxonase gene polym

phisms,
oxidative stress, and diseases. J Mol Med 81{12):766-773.

organcphosphates, and neurodevelopment

Li WE, Costa LG, er h,, Hagen 7, Shil M, Tward A, st 2l,
2000, Catalytic igncy determines the in-vivo efficacy
of PON1 for detoxifying organophosphorus compounds.
Pharmacogenetics 10{9L767-779.

Mackness B, Burrington PN, Mackness M. 200C. Low paracxo-
hase in Persian Gulf War Veterans seif-reporting Guif War
syndreme. Biochem Biophys Res Commun 276{2 733,

Milatovic D, Gupta RE, Aschner M. 2008, As rholinestera.sa
toxicity and oxidative stress, Sct World J §:285-310.

Moy 88, Nadier JJ. 2008. Advances ghavioral genetics:
mouse models of autism, Mol Psychiatry 13(1):4-26.

Paragh G, Balla P, Katona E, Saras |, Egert A, Degreil |
2002. Serum paraoxonase activity changes in patients
with Alzheimer’s disease and vascular dementia. Eur Arch
Psyehiatry Clin Neurosci 2524218387,

Pasca SP, Dronea E, Nemas B, Kaucsar T, Endreffy E, iftene F,

at al. 2010, Paraoxonase ¥ activities and polymorphisms in

m spectrum disol J Cell Mol Med 14{31:600-807,

Pasca SP, Nemes B, Viase L, Gagyi CE s E, Miv AG, et gl
2008, High levels of homoaoystsing and low sarum paraoxo-
nase 1 arylestarase activity in children with autism. Life
Boi 78(19):2244--2248.

(uirds-Aleala L. 2010 Children’s Besidential Exposures to
Flame Retardants, Pesticides and Pesticide Degradation
Products, and the Relationship of Pesticides with
Autenomic Naervous ay,t s Functioning [PhD disserta-
tion]. Berkeley, CAl sity of California, Berkelay,

Radloff L. 1977 The CES-D scale: a self-report depression scale
for research in the general population. App! Psychol Meas
143):385-401.

Richter RJ, Jarvik GP, Furleng CE. 2010. Paraoxo
as a risk factor for disease or exposure. In: Paraoxcnases
in inflammation, Infection, and Toxicolegy {(Reddy S, ed).
Advances in Experimental Medicine and Biology 660. New
York:Humana Press, 29-35,

Rojas-Garcis AE, Solt edia MJ, Pina-Guzman B, Vega L,
Lopez-Carnllo L, Quintanila-Vega B, 2005, Genstic poly-
morphisms and activity of PONT in a Maxican population.
Toxicol App! Pharmace! 20543}:282-289,

Saead M, Siddigue N, Hung WY, Usacheva E, Liu E, Sufit RL,
at al. 2008, Paraoxonase cluster polymorphisms are asso-
ciated with sporadic ALS. Neurclogy 8H{5)771-778.

Serajee FJ, Nabi B, Zhong H, Hug M. 2004, Polymorphisms in
xencbiotic metabolism genes and autism. J Child Neurol
19{6):413-417,

Sklan £H, Lowenthal A, Korner M, Ritov ¥, Landers OM,
Rankinen T, et al. 2004. Acstyicholinasterase/paraoxonase
genctype and expression predict anxiety scores in health,
risk factors, exercise training, and genetics study. Proc
Natl Acad Sci USA 10H1515512-5517.

Stowik A, Temik B, Wolkow PP, Partyka B, Tura] W,
Malecki MT, et al. 2008, Paraoxenase gene polymorphisms
and sporadic ALS, Naurology §7(5):766-770

.8 Census Bureau. 2000, Poverty Thresholds 2000, Current
Population Survey. Washington, DGU.S. Census Bureau.

Yoetsch B, Benke KS, Damascenc BP, Siquaira LH, Loscalzo J.
2002, Paraoxcnase 192 Gin—Arg polymorphism: an inde-
pendent risk factor for nonfatal arterial ischemic stroke
among young adults. Stroke 33(8):1459-1464.

Yoetsch B, Benke KS, Panhuysen Cl, Damasceno BP,
Lescaizo J. 2004, The combined effect of paracxenase
nromoter and coding regien polymorphisms on the risk of
artaria mic stroke among young adults. Arch Neurol
51{3}:351-356

Wessels D, Barr DB, Mendola P. 2002. Use of biomarkers to indi-
cate exposure of children to urcanephnsphate pesticides:
implications for a longitudinal study of ¢ en's environ-
mental health. Enviren Health Perspect 11119381948,

Zintzaras E, Hadjigeorgiou GM. 2004. Association of para-
axonase | gene polymorphisms with risk of Parkinson's
disease: a meta-analysis. J Hum Genet 49(91:474-481.

Environmental Health Perspectives - vorume 118 | numeer 12 | December 2010

1781

ED_005731_00001183-00007




